Introduction
============

Ewing's sarcoma is a common malignant tumor, highly occurring in children and adolescents as the second common bone tumor after osteosarcoma.[@b1-ott-11-7967],[@b2-ott-11-7967] Ewing's sarcoma is characterized by rapid progression, high postoperative recurrence, and high metastatic.[@b3-ott-11-7967] It is reported that the 5-year survival rate of patients with localized disease is 60%--70%, whereas the 5-year survival rate of patients with metastatic Ewing's sarcoma is only 20%--45% depending on the location of metastasis.[@b4-ott-11-7967] And patients with a metastatic, recurrent form of Ewing's sarcoma still have poor prognosis,[@b5-ott-11-7967] leading to a particularly urgent to identify new biomarkers or therapeutic targets and to establish innovative treatment strategies.

MicroRNAs (miRNAs) are a class of evolutionarily conserved, small noncoding RNAs, which modulate target genes expression by binding to 3′UTR of mRNA to suppress mRNA translation or trigger mRNA degradation. It is demonstrated that the aberrant miRNAs expression profiles are involved in tumor initiation, progression and metastasis, including Ewing's sarcoma.[@b6-ott-11-7967]--[@b10-ott-11-7967] Recent studies have proved that various miRNAs have the potential to be a biomarker or target for tumor progression, prognosis, and therapy.[@b11-ott-11-7967]--[@b14-ott-11-7967] These findings suggest that miRNAs provide a novel area for the research of progression, metastasis and therapy of Ewing's sarcoma. Recent studies demonstrate that miR-185 is downregulated in some tumors and impairs tumor growth and metastasis.[@b15-ott-11-7967]--[@b19-ott-11-7967] Li S et al reveals that miR-185 is downregulated in non-small-cell lung cancer, and overexpression of miR-185 could lead to significant inhibition on tumor growth, migration, and invasion.[@b15-ott-11-7967] In nasopharyngeal carcinoma, upregulation of miR-185-3 p could reduce the cell metastasis, while inhibition of miR-185-3 p correspondingly accelerates cell metastasis.[@b16-ott-11-7967] In addition, it is demonstrated that miR-185 is associated with the prognosis of patients with colorectal cancer, high expression of miR-185 is correlated with poor survival and metastasis.[@b21-ott-11-7967] However, the accurate role of miR-185 in the progression and metastasis of Ewing's sarcoma remains unclear, and the exact functional mechanism is also largely unknown.

In this study, Ewing's sarcoma RD-ES cells were transfected with the pCMV-MIR-miR185 vector to establish stable endogenous overexpression of miR-185 in vitro. We confirmed that upregulation of miR-185 modulated growth, motility, and survival of RD-ES cells by suppressing PI3K/Akt/mTOR and Wnt/β-catenin pathways. E2F6 was identified as a target gene of miR-185. Upregulation of E2F6 could rescue the suppression on cell proliferation caused by miR-185 in RD-ES cells. To our knowledge, this study is the first attempt to demonstrate the role of miR-185 in the progression of Ewing's sarcoma in vitro.

Materials and methods
=====================

Cells culture and transfection
------------------------------

Ewing's sarcoma cells RD-ES, A673, SK-ES-1, and SCCH were obtained from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China), and cultured in RPMI-1640 (Hyclone, Thermo Fisher Scientific, Waltham, MA, USA) medium containing 10% FBS (Gibco, Thermo Fisher Scientific) at 37°C with 5% CO~2~. RD-ES cells were transiently transfected with the pCMV-MIR-miR185 vector (Ribobio, Guangzhou, China) or negative control vector (pCMV-MIR) by using Lipofectamine 2000 (Invitrogen, USA) following the manufacturer's protocol. After 24 hours of transfection, the cell function experiments were carried out.

Real-time polymerase chain reaction (qRT-PCR)
---------------------------------------------

After 48 hours of transfection, total RNA was isolated by Ultrapure RNA Kit (CWBIO, Beijing, China) and reverse transcribed to cDNA by using the miRNA cDNA Synthesis Kit (CWBIO). qRT-PCR was carried out by miRNA qPCR Assay Kit (CWBIO). The primer for mature miR-185 and U6 RNA was obtained from Ribo-bio, and the primer sequences were as follows: miR-185, 5′-TGGAGAGAAAGGCAGTTCCTGA-3′ (forward) and the reverse primer was obtained from the miRNA qPCR Assay Kit; U6, 5′-CTCGCTTCGGCAGCACA-3′ (forward) and AACGCTTCACGAATTTGCGT (reverse). The comparative Ct (ΔΔct) method was adopted to calculate the obtained qRT-PCR data.

Proliferation and viability assay
---------------------------------

For CCK8 assay, transfected cells were seeded in each well of a 96-well plate at a density of 1×10^3^ cells/well. Cell proliferation and vitality was detected by adding 10 µL of CCK8 reagent (Beijing Solarbio Science & Technology, Beijing, China) and incubated at 37°C for 90 minutes, OD value of excitation light was detected every 24 hours by using enzyme standard instrument with 450 nm.

For colony formation assay, transfected cells at logarithmic growth phase were seeded in 6 cm plates at a density of 500 cells/well to culture at 37°C with 5% CO~2~ until cells had formed sufficiently large colonies. Then, the cells were fixed with 1 mL of 4% paraformaldehyde for 30 minutes followed by staining with crystal violet for 30 minutes. Finally, the colonies were counted and photographed.

Cell migration and invasion assays
----------------------------------

Transwell chamber coated with Matrigel was used for cell invasion assay, while Matrigel was not needed for migration assay. After transfection for 24 hours, cells were trypsinized and resuspended in serum-free culture medium, and 1×10^4^ cells were transferred into the upper chamber. Complete medium with 10% FBS was added in the lower chamber. After incubation for 24 hours, 4% paraformaldehyde was utilized to fix cells that had invaded or migrated to the lower surface of the filter, then 0.1% crystal violet was performed to stain cells for 5 minutes. The invaded and migrated cells were imaged and counted under the microscope.

Apoptosis assay
---------------

Flow cytometry was performed to determine cell apoptosis using the Annexin V-FITC-PI apoptosis detection kit (4A Biotech, China), according to the manufacturer's instructions. Briefly, cells transfected with the pCMV-MIR-miR185 vector or pCMV-MIR were cultured with serum-free medium for 24 hours. Next, transfected cells were resuspended in 1× binding buffer (10 mM HEPES/NaOH \[pH 7.4\], 140 mM NaCl, 2.5 mM CaCl~2~) at a density of 1--5×10^6^ cells/mL. Then 100 µL of cell suspension was incubated with 5 µL of Annexin V-fluorescein isothiocyanate (FITC) in the dark for 5 minutes. After staining with 10 µL of propidium iodide (PI) at room temperature, cells were analyzed using a FACS caliber instrument.

Western blot assay
------------------

After 48 hours of transfection, cells were harvested and lysed with ice-cold RIPA Lysis Buffer (CWBIO) at 4°C to extract proteins, and the protein concentration was measured using a BCA Protein Assay Kit (Beyotime, Beijing, China). Thereafter, 20 µg of protein of each sample was loaded to each lane on 10% SDS-PAGE gel, and transferred onto polyvinylidene fluoride (PVDF) membrane (Millipore, Billerica, MA, USA) incubated with primary antibodies in blocking solution at 4°C overnight. Then, the membrane was incubated with the secondary antibody for 1 hour. An enhanced chemiluminescence kit (CWBIO) was used for signal development according to the manufacturer's protocol. The following primary antibodies were used: anti-Bcl-2 (1:1,000), anti-Bax (1:1,000), anti-Caspase 9 (1:1,000), anti-p-Akt (1:1,000), anti-Akt (1:1,000), anti-mTOR (1:1,000), anti-p-mTOR (1:1,000), anti-P70 (1:1,000), anti-Cyclin D1 (1:1,000), anti-wnt3 (1:1,000), anti-β-catenin (1:1,000), anti-E-cad (1:1,000), and anti-GAPDH (1:1,000), which were obtained from Abcam (Cambridge, UK). Anti-Active Caspase 3 p17-specific (1:1,000) and secondary antibodies (1:5,000) were obtained from PTG Company (Protein tech Group Inc., Rosemont, IL, USA). The bands were analyzed using the ImageJ software. The relative expression of proteins in miR-185 overexpressed cells was normalized to that in the negative control (NC) group.

Immunohistochemistry assay
--------------------------

After 48 hours of transfection, cells were grown on a cover slip and fixed with 4% paraformaldehyde for 15 minutes. After incubation with primary antibodies for 1 hour at room temperature, cells on the cover slip were stained using an Enhanced DAB Colorimetric Kit (Maixin, Fouzhou, China). Then the cells were counterstained with hematoxylin for 2 minutes, rinsed with water, and returned to blue with tris buffered saline (TBS), and observed under the microscope.

Dual-luciferase reporter assay
------------------------------

The wide-type (wt) or mutated (mut) E2F6 3′UTR was constructed into pmirGLO vector. And the pmirGLO-E2F6 3′UTR (wt) or pmirGLO-E2F6 3′UTR (mut) vectors were co-transfected with pCMV-MIR-miR185 or NC (pCMV-MIR) into RD-ES cells using Lipofectamine 2000. After transfection for 48 hours, the luciferase activity was measured using the Dual-Luciferase Reporter Assay System (Promega, Madison, WI, USA).

Statistical analysis
--------------------

The SPSS 18.0 software was used for statistical analysis. The data were represented from triplicate experiments and expressed as mean ± standard deviation. The comparisons between two groups were analyzed using Student's *t*-test. Differences were considered statistically significant for values of *P*\<0.05.

Results
=======

Overexpression of miR-185 suppresses the growth capacity of RD-ES cells
-----------------------------------------------------------------------

We observed that the miR-185 had the lowest expression level in RD-ES cells ([Figure 1A](#f1-ott-11-7967){ref-type="fig"}). To investigate the role of miR-185 in Ewing's sarcoma, pCMV-MIR-miR-185 vector was used to transfect RD-ES cells as miR-185 group, and pCMV-MIR empty vector was transfected as the NC. As shown in [Figure 1B](#f1-ott-11-7967){ref-type="fig"}, the expression of miR-185 was clearly upregulated in miR-185 group compared to the NC (*P*\<0.01). The effect of overexpression of miR-185 on growth capacity of RD-ES cells was determined by CCK8 and colony formation assays. CCK8 data showed that after cultured for 48 hours, overexpression of miR-185 significantly attenuated the proliferation ability of RD-ES cell compared with the NC group (*P*\<0.01, [Figure 1C](#f1-ott-11-7967){ref-type="fig"}). And the suppression effect was still significant after 72 hours of incubation (*P*\<0.01). Furthermore, overexpression of miR-185 also reduced the colony formation ability of RD-ES cells compared with the NC group (*P*\<0.01, [Figure 1D](#f1-ott-11-7967){ref-type="fig"}).

Overexpression of miR-185 inhibits migration and invasion of RD-ES cells
------------------------------------------------------------------------

To determine the effect of miR-185 on metastasis of Ewing's sarcoma, Transwell chamber was performed. As shown in [Figure 2A](#f2-ott-11-7967){ref-type="fig"}, the migratory ability was significantly decreased in miR-185 upregulation cells compared with the NC group (*P*\<0.01). In addition, the increased expression of miR-185 also resulted in a significant decrease in invasion capability of RD-ES cells (*P*\<0.01, [Figure 2B](#f2-ott-11-7967){ref-type="fig"}).

Increased expression of miR-185 accelerates the apoptosis of RD-ES cells
------------------------------------------------------------------------

Dysregulated apoptosis is the main hallmark of tumor cells, we determined whether miR-185 could impair apoptosis of RD-ES cells by flow cytometry assay. An obvious increase in the rate of cell apoptosis was observed in miR-185 upregulated cells compared with those in the NC group ([Figure 3A](#f3-ott-11-7967){ref-type="fig"}, *P\<*0.05). To further elucidate the relative mechanism underlying the elevated apoptosis, apoptosis-related proteins, antiapoptotic protein Bcl-2, and proapoptotic protein Bax, Caspase 9, and active Caspase 3 were detected by Western blot. We found that increased expression of miR-185 downregulated the expression of Bcl-2 and upregulated the expression of Bax, leading to a significant decrease of Bcl-2/Bax in the miR-185 upregulated group (*P\<*0.05, [Figure 3B](#f3-ott-11-7967){ref-type="fig"}). In addition, the expressions of Caspase 9 and active Caspase 3 were markedly increased by overexpression of miR-185 in RD-ES cells (*P\<*0.05, [Figure 3B](#f3-ott-11-7967){ref-type="fig"}). Therefore, increased expression of miR-185 could induce apoptosis of RD-ES cells by regulating the expression of apoptosis-related proteins.

Considering from the Western blot in [Figure 3B](#f3-ott-11-7967){ref-type="fig"}, changes in Bcl-2 expression was most pronounced in miR-185 over-expressed cells. We checked whether overexpression of Bcl-2 can rescue the apoptosis or colony formation defect in miR-185 overexpressed cells. However, we found that miR-185 could not directly regulate the expression of Bcl-2 through the dual-luciferase assay ([Figure S1A](#SD1-ott-11-7967){ref-type="supplementary-material"}). Moreover, overexpression of Bcl-2 could abolish the proapoptotic effect of miR-185 on RD-ES cells ([Figure S1B](#SD1-ott-11-7967){ref-type="supplementary-material"}), suggesting that miR-185 regulated apoptosis of RD-ES cells mainly through the mitochondrial apoptotic pathway. Furthermore, colony formation assay showed that overexpression of Bcl-2 partial rescued the inhibition of miR-185 on the colony formation ability of RD-ES cells ([Figure S1C](#SD1-ott-11-7967){ref-type="supplementary-material"}), indicating that the inhibitory effect of miR-185 on proliferation of RD-ES cells was not only dependent on the Bcl-2 pathway. Taken together, these results indicate that besides the Bcl-2 pathway, there are other pathways involved in the antitumor function of miR-185.

Upregulation of miR-185 inhibits PI3K/ Akt/mTOR and Wnt/β-catenin pathways in RD-ES cells
-----------------------------------------------------------------------------------------

As well known, PI3K/Akt/mTOR pathway plays a crucial role in cell growth and survival by regulating cell cycle regulators and apoptosis-related proteins, and participates in tumor progression and metastasis. It has been reported that PI3K/Akt/mTOR pathway is constitutively activated in Ewing's sarcoma and mediates survival signaling in Ewing's sarcoma cells.[@b22-ott-11-7967]--[@b24-ott-11-7967] In the present study, the expression levels of p-Akt and p-mTOR were decreased by overexpression of miR-185 in RD-ES cells (*P*\<0.05, [Figure 4A](#f4-ott-11-7967){ref-type="fig"}), however, the total of Akt or mTOR had no changes (*P*\>0.05). Accordingly, the downstream proteins of the PI3K/Akt/mTOR pathway, Cyclin D1 and P70, were also decreased in the miR-185 upregulated group (*P*\<0.05, [Figure 4A](#f4-ott-11-7967){ref-type="fig"}).

Wnt/β-catenin pathway is also essential for several cellular processes, and its dysregulation will be involved in the progression of malignancy. It is reported that Wnt/β-catenin pathway might be activated in a subpopulation of Ewing's sarcoma cells when some exogenous ligands present.[@b25-ott-11-7967] Our data showed that the expressions of Wnt3a and β-catenin were both decreased by overexpression of miR-185 in RD-ES cells (*P*\<0.05, [Figure 4B](#f4-ott-11-7967){ref-type="fig"}), and its downstream protein, E-cad, was accordingly elevated (*P*\<0.05). Furthermore, the immunohistochemistry assay showed that the expression level of nuclear β-catenin in RD-ES cells transfected with miR-185 was significantly decreased compared with the control group, while the expression of E-cad was obviously increased in RD-ES cells transfected with miR-185 ([Figure 4C](#f4-ott-11-7967){ref-type="fig"}). Taken together, upregulation of miR-185 could suppress the PI3K/Akt/mTOR and Wnt/β-catenin pathways in RD-ES cells, indicating that miR-185 might act as an upstream mediator in the PI3K/Akt/ mTOR and Wnt/β-catenin pathways in RD-ES cells.

miR-185 directly targets E2F6 in RD-ES cells
--------------------------------------------

Bioinformatics analysis from Targetcan revealed that E2F6 3′UTR has a putative binding site for miR-185 ([Figure 5A](#f5-ott-11-7967){ref-type="fig"}). To verify it, pmirGLO-E2F6 3′UTR and pmirGLO-E2F6 3′UTR (mut) vectors were constructed to transfect into miR-185 upregulated cells or NC cells. The dual-luciferase assay showed that miR-185 significantly reduced the luciferase activity of pmirGLO-E2F6--3′UTR in RD-ES cells (*P*\<0.05, [Figure 5B](#f5-ott-11-7967){ref-type="fig"}), while the luciferase activity of pmirGLO-E2F6 3′UTR (mut) did not impact by miR-185, indicating that E2F6 was the target gene of miR-185 in Ewing's sarcoma cells. This result was further confirmed by the decreased expression of E2F6 in miR-185 overexpressed RD-ES cells (*P*\<0.05, [Figure 5C](#f5-ott-11-7967){ref-type="fig"}). To investigate whether miR-185 suppressed cell proliferation via regulating E2F6, E2F6 overexpressing vector (lacking its 3′UTR) was constructed and co-transfected into RD-ES cells with pCMV-MIR-miR185. As shown in [Figure 5D](#f5-ott-11-7967){ref-type="fig"}, the suppression on cell proliferation via overexpression of miR-185 was significantly restored by the upregulation of E2F6 in RD-ES cells (*P*\<0.05). These results suggest that the tumor suppressor role of miR-185 in Ewing's sarcoma might be mediated by targeting E2F6. In addition, we observed that E2F6 knockdown (E2F6-KD) significantly reduced the expression of p-Akt and β-catenin ([Figure 5E](#f5-ott-11-7967){ref-type="fig"}), resulting in an inhibition on Akt/mTOR and Wnt/β-catenin pathways in RD-ES cells, while E2F6 overexpression (E2F6-OE) did no significant effect on expression of p-Akt and β-catenin.

Discussion
==========

It has been confirmed that a large number of miRNAs involved in tumorigenesis and tumor progression by regulating gene expression posttranscriptionally, therefore miRNA is thought to be a potential effective molecular tool that can be used in future therapeutic technologies for cancers. miR-185 is proved to be downregulated in a variety of tumors, and could play crucial role as a tumor suppressor in growth and metastasis of tumors.[@b15-ott-11-7967]--[@b18-ott-11-7967],[@b26-ott-11-7967] In the current study, our data validated that overexpression of miR-185 significantly suppressed cell growth capacity, migration, and invasion of Ewing's sarcoma cell RD-ES in vitro, suggesting that miR-185 plays the role of tumor suppressor in the progression and motility of Ewing's sarcoma.

Apoptosis is an essential regulatory mechanism to control cell growth, and deregulated apoptosis is observed in tumor cell. We found that increased expression of miR-185 significantly elevated the rate of apoptosis in RD-ES cells. To elucidate the relative mechanism underlying the elevated apoptosis, we detected apoptosis-related proteins in RD-ES cells. It is widely held that intrinsic mitochondrial pathway is one of the major apoptosis mechanisms, which is frequently evaded via regulation of anti-apoptotic or proapoptotic molecules in cancer cells.[@b27-ott-11-7967],[@b28-ott-11-7967] The caspase and Bcl-2 protein families play a key role in the process of apoptosis, among these families, Bcl-2, Bax, Caspase 3, and Caspase 9 are critical for initiating mitochondrial-dependent apoptosis pathway.[@b29-ott-11-7967]--[@b31-ott-11-7967] Caspase 3 is the pivotal enzyme in the mitochondria-dependent apoptosis pathway to trigger the occurrence of apoptosis.[@b29-ott-11-7967] The Bcl-2 family, containing Bcl-2 and Bax, plays an essential role in apoptosis induction by triggering the mitochondrial pathway.[@b29-ott-11-7967]--[@b31-ott-11-7967] The ratio of Bcl-2/ Bax determines the survival of the cells, and the decrease in the ratio results in loss of mitochondrial membrane potential which trigger initiation of apoptosis.[@b32-ott-11-7967],[@b33-ott-11-7967] The main mechanism of Bcl-2 regulation of apoptosis is mainly through Caspase 3 and Caspase 9 pathway.[@b31-ott-11-7967],[@b34-ott-11-7967] In the present study, overexpression of miR-185 downregulated the expression of Bcl-2, while upregulated Bax, active Caspase 3 and Caspase 9 in RD-ES cells, indicating that miR-185 triggered cell apoptosis in a mitochondrial pathway through regulating Bcl-2/Bax, Caspase 3, and Caspase 9 in Ewing's sarcoma in vitro. In addition, the overexpression of Bcl-2 partially rescued the inhibitory effect of miR-185 on the growth of RD-ES cells, suggesting that besides the Bcl-2 pathway, there are other pathways involved in the antitumor function of miR-185. As described above, our data highlight the suppression effect of miR-185 on Ewing's sarcoma progression and survival of Ewing's sarcoma in vitro.

It is widely held that PI3K/Akt/mTOR pathway plays pivotal role in cellular progression, including proliferation, apoptosis, and survival. Activated Akt promotes cell growth and survival by inhibiting the expression of Bcl-2 proteins family. It is demonstrated that suppression of PI3K/Akt/ mTOR pathway could promote cell apoptosis in Ewing's sarcoma,[@b24-ott-11-7967] and the activation is associated with cell resistance to actinomycin D in Ewing's sarcoma.[@b35-ott-11-7967] Moreover, PI3K/Akt/mTOR pathway is constitutively activated in Ewing's sarcoma and mediates survival signaling in Ewing's sarcoma cells.[@b22-ott-11-7967]--[@b24-ott-11-7967] Li et al reveal that miR-125b inhibits cell proliferation, metastasis, and survival of Ewing's sarcoma via suppressing PI3K/Akt/mTOR pathway.[@b36-ott-11-7967] Another essential pathway involved in cellular processes, Wnt/β-catenin pathway, is also proved to be activated in a subpopulation of Ewing's sarcoma cells when some exogenous ligands present.[@b25-ott-11-7967] Hence, we examined the effect of miR-185 on PI3K/Akt/mTOR and Wnt/β-catenin pathways in RD-ES cells. We found that overexpression of miR-185 markedly suppressed the PI3K/Akt/mTOR and Wnt/β-catenin pathways by inhibiting the expression level of key components, including p-Akt, p-mTOR, Wnt3a, and β-catenin. And the downstream proteins were correspondingly modulated by miR-185. P70 and Cyclin D1 are important proteins at downstream of PI3K/Akt/mTOR pathway. Overexpression of P70 could increase tumor cell proliferation and angiogenesis, and inhibit apoptosis.[@b37-ott-11-7967] Cyclin D1 is closely associated with cell cycle, and also is one of the crucial regulators of the Wnt/β-catenin pathway.[@b38-ott-11-7967] In addition to being a regulator of cellular signaling pathways, β-catenin is a multifunctional protein involved in cell adhesion and gene transcriptional regulation depending on its intracellular localization.[@b39-ott-11-7967] Under normal circumstances, the Wnt pathway is in a dormant state, the β-catenin protein locates in the cell membrane, and the concentration in the cytoplasm is minuscule; when the cell undergoes pathologically changes such as carcinogenesis, the Wnt pathway is activated and the β-catenin protein in the cytoplasm accumulates continuously and transfers into the nucleus, resulting in the downstream gene expression. In the current study, from the immunohistochemistry assay, the expression level of nuclear β-catenin was significantly decreased in RD-ES cells followed by upregulation of miR-185. β-catenin is also reported to be a negative regulator of E-cad, a transmembrane protein involved in cell--cell adhesion, and the forming β-catenin/E-cad complex plays crucial role in maintaining the morphology and structural integrity of epithelial cells.[@b40-ott-11-7967] Moreover, low expression of E-cad is closely related to the invasion and metastasis of tumor.[@b41-ott-11-7967],[@b42-ott-11-7967] Our data showed that upregulation of miR-185 could reduce the expression level of Cyclin D1 and P70, while enhance the expression of E-cad. As described above, miR-185 functions as a tumor suppressor to inhibit growth, motility and survival of Ewing's sarcoma through regulation of PI3K/Akt/mTOR and Wnt/β-catenin pathways.

miRNAs regulate the behavior of malignant tumors mainly by binding the mRNA of target genes. It is reported that miR-185 inhibits growth and metastasis of non-small-cell lung cancer by targeting AKT1.[@b15-ott-11-7967] Tang H et al shows that miR-185 suppresses invasion of glioma cell by targeting CDC42 and RhoA.[@b43-ott-11-7967] In ovarian cancer, miR-185 is revealed to be associated with cisplatin resistance by targeting DNMT1 directly.[@b44-ott-11-7967] In triple-negative breast cancer, miR-185 plays a role of tumor suppressor by targeting DNMT1 and E2F6.[@b45-ott-11-7967] E2F6 is a member of E2F transcription factors family which play a crucial role in the regulation of cell proliferation, cell cycle, apoptosis, and differentiation through regulating the transcription of target genes.[@b46-ott-11-7967] Recent studies demonstrate that E2F6 is upregulated in prostate cancer and breast cancer, and the decrease of E2F6 expression can inhibit the proliferation of triple-negative breast cancer cells.[@b45-ott-11-7967],[@b47-ott-11-7967] In the current study, we found that E2F6 was a possible target of miR-185 by bioinformatics predictions and dual-luciferase assay. Moreover, with the increase of miR-185 expression, E2F6 expression decreased significantly in RD-ES cells, further indicating that miR-185 directly targets E2F6. In addition, the suppression on cell proliferation of RD-ES cells via overexpression of miR-185 was significantly restored by the upregulation of E2F6, indicating that miR-185 blocked cell proliferation of RD-ES cells through directly targeting E2F6. We further revealed that loss of E2F6 could suppress the Akt/mTOR and Wnt/β-catenin pathways in RD-ES cells, while upregulation of E2F6 had no significant effect on these signaling pathway, indicating that the regulation of E2F6 on Akt/mTOR and Wnt/β-catenin signaling pathways requires synergy of other factors.

Conclusion
==========

The present study demonstrates that miR-185 is involved in cell growth, motility, and survival of Ewing's sarcoma as a tumor suppressor via suppressing PI3K/Akt/mTOR and Wnt/β-catenin pathways and targeting E2F6. To our knowledge, this study provides the first insights to validate that the miR-185/E2F6 axis plays a role in the progression and survival of Ewing's sarcoma. All the evidence suggests that miR-185 might be a novel potential target for Ewing's sarcoma therapy.

Supplementary materials
=======================

###### 

Bcl-2 pathway is involved in the inhibitory effect of miR-185 on the growth of RD-ES cells.

**Notes:** (**A**) The Bcl-2--3′UTR/pmiRGLO vectors and pCMV-MIR-miR-185 were co-transfected into RD-ES cells. Dual-luciferase reporter assay to verify the activity of miR-185 upon Bcl-2. The normalized luciferase activity of the NC was set as relative luciferase activity. (**B**) The Bcl-2 vector and pCMV-MIR-miR-185/NC vectors were co-transfected into RD-ES cells. After transfection for 24 hours, cell apoptosis was determined in RD-ES cells by flow cytometry analysis. (**C**) After transfection for 24 hours, colony formation ability was determined using colony formation assay. Data are presented as the mean ± standard deviation (n=3). Results were obtained in three replicates.

**Abbreviations:** NC, normal control; FITC, fluorescein isothiocyanate.
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![Overexpression of miR-185 suppresses the growth capacity of RD-ES cells.\
**Notes:** pCMV-MIR-miR-185 vector was transfected into RD-ES cells as miR-185 group (miR-185), and pCMV-MIR empty vector was used as the NC. (**A**) The expression level of miR-185 in Ewing's sarcoma cell lines, RD-ES, A673, SK-ES-1, and SCCH. (**B**) After transfection for 48 hours, the expression of miR-185 was accessed by qRT-PCR. The U6 was used as an internal control, and the expression of miR-185 was normalized to NC. (**C**) After transfection, cell proliferation was determined in RD-ES cells by CCK8 assay. (**D**) Colony formation ability was determined using colony formation assay. Data are presented as the mean ± standard deviation (n=3). Results were obtained in three replicates. miR-185, transfected with pCMV-MIR-miR-185 vector; NC, negative control, transfected with pCMV-MIR empty vector. \*\**P*\<0.01.](ott-11-7967Fig1){#f1-ott-11-7967}

![Overexpression of miR-185 inhibits migration and invasion of RD-ES cells.\
**Notes:** After transfection for 24 hours, Transwell assay was performed to detect the migration (**A**) and invasion (**B**) in RD-ES cells. The magnification was ×100. Data are presented as the mean ± standard deviation (n=3). Results were obtained in three replicates. miR-185, transfected with pCMV-MIR-miR-185 vector; NC, negative control, transfected with pCMV-MIR empty vector. \*\**P*\<0.01.](ott-11-7967Fig2){#f2-ott-11-7967}

![Overexpression of miR-185 promotes apoptosis of RD-ES cells.\
**Notes:** (**A**) After transfection for 24 hours, cell apoptosis was determined in RD-ES cells by flow cytometry analysis. (**B**) After transfection for 48 hours, Western blot assays of apoptosis-related proteins were conducted in RD-ES cells that upregulation of miR-185 reduced the expression of Bcl-2 and increased the expression of Bax, Caspase 9, and active Caspase 3. Levels of proteins were normalized to GAPDH, and the relative expression of the corresponding protein in miR-185 overexpressed cells was normalized to the NC. Data are presented as the mean ± standard deviation (n=3). Results were obtained in three replicates. miR-185, transfected with pCMV-MIR-miR-185 vector; NC, negative control, transfected with pCMV-MIR empty vector. \**P*\<0.05, \*\**P*\<0.01.\
**Abbreviation:** FITC, fluorescein isothiocyanate.](ott-11-7967Fig3){#f3-ott-11-7967}

![Overexpression of miR-185 suppresses the PI3K/Akt/mTOR and Wnt/β-catenin pathways in RD-ES cells.\
**Notes:** After transfection for 48 hours, Western blot assays of PI3K/Akt/mTOR pathway-related proteins (**A**) and Wnt/β-catenin pathway-related proteins (**B**) were conducted in RD-ES cells. Levels of proteins were normalized to GAPDH, and the relative expression of the corresponding protein in miR-185 overexpressed cells was normalized to the NC. (**C**) After transfection for 48 hours, immunohistochemistry assay was performed to detect the expression of β-catenin and E-cad. The magnification was ×400. Data are presented as the mean ± standard deviation (n=3). Results were obtained in three replicates. miR-185, transfected with pCMV-MIR-miR-185 vector; NC, negative control, transfected with pCMV-MIR empty vector. \**P*\<0.05.](ott-11-7967Fig4){#f4-ott-11-7967}

![miR-185 blocks cell proliferation of RD-ES cells through directly targeting E2F6.\
**Notes:** (**A**) The E2F6 3′UTR (wt) luciferase reporter vector (E2F6-wt) and E2F6 3′UTR (mut) luciferase reporter vector (E2F6-mut) were constructed by sequentially mutating the predicted miR-185-binding sites in the E2F6 3′UTR. (**B**) The E2F6-wt/E2F6-mut vectors and pCMV-MIR-miR-185/NC vectors were co-transfected into RD-ES cells. Dual-luciferase reporter assay to verify the activity of miR-185 upon the target site of E2F6. The normalized luciferase activity of the NC was set as relative luciferase activity. (**C**) Western blot assay was used to detect expression of E2F6 in RD-ES cells. (**D**) pCMV-MIR-miR-185 vector was co-transfected with E2F6/empty vector into RD-ES cells. CCK8 assay was performed to determine cell proliferation in RD-ES cells. (**E**) The E2F6 vector (E2F6-OE) or shE2F6 (E2F6-KD) was transfected into RD-ES cells, and Western blot assay was used to detect expression of p-Akt and β-catenin in RD-ES cells. Data are presented as mean ± standard deviation (n=3). Results were obtained in three replicates. miR-185, transfected with pCMV-MIR-miR-185 vector; NC, negative control, transfected with pCMV-MIR empty vector; miR-185+E2F6, co-transfected with pCMV-MIR-miR-185 vector and E2F6. E2F6-OE, transfected with E2F6 vector; E2F6-KD, transfected with shRNA-E2F6. \**P*\<0.05, \*\**P*\<0.01.\
**Abbreviations:** wt, wild type; mut, mutated.](ott-11-7967Fig5){#f5-ott-11-7967}
